Four ground collision avoidance displays were tested using a fixed-base T-38 simulator with a projection screen and simulated Head-Up Display (HUD). When given a standard Break-X, pilots were able to spend only 40% of the flight time between desired altitudes and crashed in 20% of the runs. Horizontally-and vertically-moving chevron symbols allowed 70% and 80% of the flight time to be spent at the desired altitude respectively and resulted in a crash in 8% of the runs. A preview depiction using a perspective elevated surface at the desired altitude was the best display, for the task investigated, allowing 90% of the time to be spent at the desired altitude with a crash rate of 2%.
Introduction
The purpose of this research was to investigate several visual Ground Collision Avoidance System (GCAS) displays, which give the pilot additional guidance after the initial warning has been received. Specifically, it compared their ability to help the pilot recover to a safe altitude; clear of the terrain but low enough to preserve survivability in the presence of ground threats.
Controlled Flight Into Terrain (CFIT) is a major problem for today's low-flying military aircraft. In CFIT accidents, the aircraft is controllable and has sufficient energy to clear the terrain ahead, but the pilot's Situational Awareness (SA) is degraded to the point where a collision occurs. The degradation may involve limited visibility, cognitive tunneling, over-tasking, under-tasking, or a lack of altitude and/or attitude cues. Poor weather is a major cause, especially in military flying where aircraft are more likely to be near the ground when flying through clouds and fog.
PGCAS
CFIT is partially mitigated through the use of Predictive Ground Collision Avoidance Systems (PGCAS). Based on current position and velocity, these systems project a recovery maneuver that accounts for pilot and aircraft reaction time and a maximum performance pull-up. This is compared to a worst-case terrain profile based on the highest terrain the aircraft could feasibly encounter. The terrain altitude ahead may be extrapolated linearly using the radar altimeter; a more accurate method uses a digital terrain database stored on the aircraft.
Generally, the PGCAS algorithm searches the database for terrain locations within a dynamic polygon ahead of the aircraft based on velocity and turn rate. PGCAS projects a two-dimensional recovery, which accounts for pilot reaction time, roll to wingslevel, g-onset, maximum-performance pull-up, and climb.' The trajectory, calculated continuously, is an estimate of what the aircraft will do if the pilot receives a PGCAS alert. A warning is issued when the predicted trajectory comes too close to the terrain. symbol appears on the head-up display (HUD). The standard military PGCAS symbol is termed the "breakaway cue" or "break-X."* It consists of two lines meeting at right angles to form an X, and it occults all other HUD symbology in most cases. The symbol flashes at a rate of 3-10 Hz and disappears after 2-5 seconds. When the pilot receives the break-X, he or she immediately reacts by rolling to wings-level and pulling, usually resulting in the minimum loss of altitude. The pilot uses a gonset rate specified by the flight manual and pulls to maximum performance, leveling off or continuing to climb based on the perceived terrain proximity and other factors.
Symbology Shortfalls
A problem can occur when visibility is limited and the pilot does not recover the aircraft to a reasonable altitude after receiving the alert. He may not pull hard enough or long enough, resulting in a CFIT accident. Alternatively, he may pull too long, unnecessarily exposing the airplane to ground radar and wasting valuable time and energy. In either of these two cases, the pilot does not have sufficient information about the terrain to plan a conservative, safe recovery. Part of the reason behind this may be the fact that the current break-X disappears at a fixed time. No indication is given of the severity of the situation or whether the aircraft is no longer in danger of ground impact.
Modern PGCAS algorithms utilize terrain elevations at multiple distances from the aircraft. It is possible to show more of this information to the pilot without excessively cluttering the HUD. Benefits would include more confident low-level operation in deteriorating weather conditions, smoother PGCAS recoveries, and appropriate level-offs that preserve terrain masking. To evaluate several dispIay options, a simulation study was performed.
'

Experimental Design
Four advanced PGCAS displays were tested using a fixed-base T-38 simulator with a projection screen and simulated HUD. Twelve subjects flew through a series of PGCAS situations using each display, and data were recorded for a period of 30 seconds after each alert. They were instructed to fly at a set altitude above ground level (AGL) after receiving the alert, where they wodd avoid the terrain but also avoid ground radar threats. Examining how well the subjects recovered to maintain the set altitude allowed comparison of the displays' effectiveness.
Simulated PGCAS
The PGCAS algorithm produced a twodimensional "worst-case" trajectory, which accounted for a two-second pilot reaction time, a two-second roll to wings-level, a constantradius pull-up, and a linear 60" climb. It compared these predicted altitudes to the terrain elevations at a series of points projected along the aircraft's groundspeed (GS) vector. The points were spaced 500 ft apart and continued for a distance corresponding to 10 seconds at the current ground speed. The comparison produced a series of predicted terrain clearances.
To determine whether an alert would be issued, the minimum clearance (MC) was compared to three AGL altitudes: Warning Clearance Height (WCH), the Target Clearance Height (TCH), and the Safety Clearance Height (SCH). The pilot was instructed to fly at the TCH during the recovery, remaining below the WCH to avoid ground radar. The SCH was the minimum altitude which the pilot was instructed not to penetrate for safety reasons. This would simulate a situation where the pilot receives a PGCAS alert but wants to remain within an altitude constraint during the recovery. The alerts provided cues to aid the pilot in maintaining this altitude. In this study, SCH was set to be 250 ft, TCH was set to 500 ft, and WCH was set to 750 ft.
Head-Up Display
The HUD was the primary source of position and attitude information. Airspeed in knots and barometric altitude in feet were displayed as circular dials containing digital readouts in the upper left and right comers respectively. Roll information came from the rotation of a flight path ladder and from a roll indicator scale and marker. Heading in degrees was displayed on a moving tape scale across the top of the HUD. An aircraft reference symbol "W' was fixed to the nose of the aircraft to show pitch. Finally, a Flight Path Marker (FPM) showed climb or dive angle when referenced to the ladder.
The four PGCAS displays tested in the experiment presented similar information in differing formats as discussed in more detail below. Figure 1 shows how each display appeared when MC was equal to 750 ft (WCH), 500 ft (TCH), 250 ft (SCH), and 0 ft. The displays were driven by the results of the simulated PGCAS algorithm. All four were similar in size, based on the 100-mrad standard currently used in the Fairchild A-10.
Break-X
The Break-X appeared at the center of the HUD when MC I TCH. It remained present until the aircraft climbed above the TCH to safety. Although slightly different than the current symbology, this is the minimum standard that will likely be used when digital terrain technology is fully integrated. It was also necessary as a baseline to allow comparison between the four displays. The break-X was designed to get the pilot's attention, not to provide guidance during the recovery. 
Chevrons
The first step in improving the alert was to incorporate rate information by splitting the X into two chevrons that moved horizontally on the HUD. This would provide precursory warning information to the pilot, allowing him or her to examine the situation before the X appeared. From the speed at which the chevrons came together, the pilot could also estimate the terrain-closure rate. To remain somewhat near the terrain after the initial recovery while ensuring safety, the pilot could fly so that the chevrons maintained some horizontal distance apart. The Chevrons appeared at the left and right edges of the HUD when MC 5 WCH, and moved inward as the terrain grew closer. The motion was such that the chevron tips touched two 20-mrad vertical reference bars when MC = TCH. The chevrons formed the familiar X in the center of the HUD when MC I SCH.
Mountain
An ambiguity arises because horizontal chevron movement does not correspond to the vertical motion that the pilot must command of the a i r~r a f t .~ This could be confusing in times of duress because the pilot might forget whether the chevrons' moving inward signals a better or worse situation. 
Highway
Horizontally and vertically moving chevrons provide rate information, making them more useful than the break-X. Still, a steep ascent or a sheer valley could make them move quickly with no warning. If this movement could be anticipated, the pilot could react more smoothly. To provide anticipatory cues, predictive terrain information was shown using a perspective "highway." The highway was composed of horizontal and vertical lines drawn to show a perspective view of an elevated, roll-stabilized surface at the TCH. The legs of the highway extended to the terrain, and its width just filled the 20" field of view. The Highway was the only conformal display of the four. If the pilot were able to see the terrain, it would have been at or just below the base of the legs, with the surface of the highway at 500 ft AGL.
Simulation
The synthetic HUD was projected on the screen, and simulated fog obscured the visual scene. A T-38 cockpit was used to make the simulated flight experience more realistic. The desire was to test the four displays at a variety of flight path and bank angles. To achieve a specified alert attitude, the pilots followed a series of commands given by a flight director on the HUD.
Each subject followed the flight director through one to three commands before reaching the final alert attitude. Once this attitude was reached, the aircraft jumped to one of two different locations where it would encounter either smooth or rugged terrain. A PGCAS alert was triggered, the pilot recovered, and data were recorded for 30 seconds. Each subject flew 6 runs on each of 4 displays for a total of 24 runs. The set of 6 runs was identical between displays and between subjects. Any variation in terrain shape was caused by differing bank angles between successive runs. The experiment was block counterbalanced to account for learning, fatigue, and other order effects.
Results
The twelve subjects, all male, had an average of 820 total flight hours. Six had experience in instrument conditions, nine had simulated or real experience with HUDs, and ten had military flight experience. The subjects ranged from 22 to 54 years old with a mean age of 31.
To compare the four displays analytically, an Analysis of Variance (ANOVA) was applied to the data to obtain an F-statistic with 95% confidence (a = 0.05). If there was a significant difference between the displays, the Link-Wallace test was applied to determine the critical distance (4) between means. 4 The error bars shown on the following plots represent dc, so a significant difference exists if the bar height for one display exceeds the error bar for another.
Roll To Wings-level
The first part of the recovery involved the roll to wings-level. One of the items being investigated was whether any of the displays performed significantly better in helping the pilot roll initially and to maintain the wingslevel attitude throughout the recovery. Figure 2 shows the root mean squared (RMS) roll angle for the four displays. The Break-X produced significantly more roll error than the other three displays. One reason for the poorer Break-X performance may have been the sense of urgency the symbol implied. When the pilot saw the X, he knew that danger was already very present and tended to pull back immediately. The other displays "eased" the pilot into. the warning situation, enabling him to roll first and then pull. Of the four displays, the Highway was the only roll-stabilized symbology. That is, the symbology rolled to conform with the horizon instead of with the aircraft. This may have allowed roll angle and altitude to be processed more efficiently. The Highway did indeed produce the least roll error, although it was not significantly different from the Chevrons or Mountain. Also, the Mountain performed slightly worse than the Chevrons. This coincides with comments from eight subjects who said the mountain symbol moving vertically gave the illusion that the aircraft was wings-level, when in fact it may have had significant bank angle.
Altitude Maintenance
The main concern in comparing the four alerts was how much they helped with maintaining the target altitude. Altitude error here is defined as the difference between the aircraft's altitude and the TCH altitude. Time histories of altitude error for the four displays appear in Figure 3 .
The figure shows a progressively tighter grouping as one moves from Break-X to the Highway. This shows that pilots were better able to maintain the target altitude using the dynamic displays. The Break-X produced a widely spread distribution with large area in the tails. The Mountain curve is taller and narrower than the Chevrons, denoting better performance. The Highway produces the most ideal histogram with very little area in the tails.
The altitude range shown on the histogram can be divided into four bins: below the terrain, between the terrain and SCH, between the SCH and WCH, and above the WCH. Figure 5 shows the cumulative fraction of total time for each category.
The area showing SCH-to-WCH grows steadily, which is consistent with the histogram analysis above and means that pilots spent more time within the accepted altitudes. The Highway produced about one fifth as many crashes as the Chevrons and Mountain, which in turn produced about half as many crashes as the Break-X. The Highway produced the least WCH ceiling penetrations, followed by the Chevrons and Mountain. The Break-X was significantly worse in this area than the other three alerts; the average was more than one penetration during each run. The primary reason was probably the binary nature of the Break-X. When it disappeared, the pilots theoretically should have leveled off. They often continued to climb, though, because they wanted to be sure the "X" did not reappear. The other alerts provided feedback as the pilots climbed, and they were able to level off quickly at the TCH because the symbology remained on the HUD.
Altitude Trends
On average, pilots tended to fly progressively lower and closer to the TCH across the four displays. Error magnitudes can be compared by averaging the absolute value of error. The result is shown in Figure 6 . The dashed line shows the limit within which the subjects were instructed to stay.
The Highway produced significantly less error than the other displays. The Break-X error is well outside the desired bound, meaning that the subjects as a group did not achieve the goal stated. The Chevron error lies just inside the bound, while the Mountain and Highway errors are well below the line. This means that all three dynamic displays enabled the pilots on average to achieve the altitude following goal. Rugged terrain widened the performance gap between the displays when compared with smooth terrain. Also, steep initial dive angles tended to increase overall error magnitude over both terrain types. 
Effort Measurement
One measure of pilot effort is longitudinal stick position. Large RMS values suggest that the pilot was over-compensating, while smaller values imply that the pilot was better able to judge the correction needed to null a given error. Figure 7 shows the RMS value for longitudinal stick position, averaged between runs and between subjects. The Break-X again performed worse than the other three displays, because most pilots made large inputs as they attempted to fly just above the altitude where the X would appear. The significant difference between the Chevrons and Mountain coincides with pilot comments that the Mountain appeared to move faster and therefore required more effort to follow. In truth, the two symbols moved at the same velocity, but the Mountain moved across a vertical space while the Chevrons moved horizontally. To the human eye, vertical lines and spaces appear larger than equal-length horizontal lines and spaces5 Since the Mountain moved across an apparently larger space in equal time, it may have seemed faster. Interestingly, the pilots had a harder time following the Mountain but performed better using it. This suggests a trade-off between effort level and performance for these two displays.
Subject Comments
According to pilot comments and the recorded altitude profiles, the Break-X produced a great deal of altitude oscillation. All agreed that the Break-X wasted effort and did not provide much feedback. The Break-X was effective for alerting the pilot but ineffective for terrain following and terrain avoidance. Eight subjects commented that the horizontal movement of the chevrons did not correspond to the vertical motion of the outside world. For some, this caused confusion about which way the chevrons should move. Several subjects noted that they only needed one chevron because the display was symmetric and both chevrons gave the same information. This suggests using a single symbol such as the Mountain. The pilots liked the vertical motion of the Mountain because it corresponded to the outside world. However, some found it to be a false indicator of wings-level because it appeared level even if the aircraft was banked. Comments implied a trade-off between urgency and clutter that must be addressed when designing this type of display. Overall, the pilots felt comfortable performing the altitude tracking task with the Highway because of its predictive nature. Eight subjects said that they could anticipate the terrain better using the 0-7803-5749-3/99/$10.00 0 1999 IEEE 4,D.l-7
Highway, allowing them to time control inputs to follow the terrain more accurately. Overwhelmingly, it also was preferred for keeping the pilot aware of bank angle.
Conclusions
The Break-X performed significantly worse than the other three displays, producing the most RMS roll error and the poorest altitude following. It allowed more than twice as many crashes and ceiling penetrations as the next best display, and required the most pilot effort. The subjects considered it impractical for a terrain-following, terrain-avoidance task.
The Chevron display was significantly better than the Break-X in all areas. It produced significantly less roll error and permitted more accurate altitude tracking. Using the Chevrons, pilots spent 70% of the flight time between the desired clearance heights, compared to 40% for the Break-X. The Chevron display resulted in only half as many crashes and ceiling penetrations as the Break-X, meaning it is better for terrain avoidance and leveling off after the initial pull-up. The Chevrons produced less stick movement than the Break-X or Mountain. The chief complaint about the Chevrons was the fact that their horizontal motion had no physical meaning.
The Mountain produced slightly more roll error than the Chevrons, apparently because it provided the false illusion of wingslevel. Compared to the Chevrons, the Mountain resulted in similar but slightly better altitude performance. However, the improved altitude performance came at the cost of significantly more stick movement.
The Highway outperformed the other three displays in every category. It produced the least roll error, although not significantly less than the Mountain or Chevrons. The Highway allowed the most flight time within the desired altitude layer: 90% compared to 80% for the Mountain and 70% for the Chevrons. The Highway resulted in the fewest crashes and ceiling busts, and produced the least stick movement, but not significantly less than the Chevrons. Subjectively, the Highway was rated as the most desirable display.
